Introduction
Harmful algal blooms are episodes of rapid, explosive growth of populations of microorganisms, including dino8agellates and bacteria, that make and secrete highly toxic biomolecules. Some of these natural toxins are among the post potent and selective neurotoxins known (Baden et al., 1995; Shimizu, 1996) . Knowledge of their hazards has been dated back to the T'ang Dynasty in China; in 1774, Captain Cook recorded his own intoxication after eating a snapper caught near the New Hebrides islands (cited by Watters, 1997) . While the existence of marine microorganisms that produce toxins is a natural phenomena, the extent and impact of these events have increased dramatically in recent years (Hallgraeff, 1993) . As shown in Fig. 1 , over the past 10 years, the frequency and apparent severity of these blooms (especially Gymnodinium breve, Alexandrium tamarense, Aureococcus anophagefferens, 1 To whom correspondence and reprint requests should be addressed.
Pseudo-nitzschia) have increased in most coastal regions throughout the United States (WHOI, 1998) . The economic impacts of these events are signi7cant. One outbreak of A. tamarense in the coastal waters of southern Maine cost over $6 million in losses to seafood-related industries. Farther south, blooms of A. anophagefferens, or ''brown tides,'' have been reported from Rhode Island to Long Island with increasing frequency over the past two decades. Economic losses for one brown tide outbreak in New York waters in 1989 were estimated to cost $2 million in losses to the scallop industry of Long Island (WHOI, 1998) .
As noted by Gentile (1971) , the rise and fall of algal populations are in8uenced by many factors, some of which are related to human activities. The recent P=esteria episodes in estuaries of the middle and southern Atlantic coast suggest that anthropogenic stresses on the environment may also in8u-ence the impacts of these blooms on 7sh and humans. Thus, harmful algal blooms may be considered a dramatic indicator of the deteriorating relationship between humans and ecosystems like the Chesapeake Bay. In this paper, we review the discovery of the dino8agellate P=esteria piscicida, the chronology of its recent appearances, factors thought to be related to its blooms, its effects on 7sh, and the recent discovery of its effects on human health. At the outset it should be noted that the term ''P=es-teria'' represents one or more organisms that have been causally related to outbreaks of 7sh and human poisoning. As discussed below, it is not yet clear that these outbreaks are associated with only one organism or even with a dino8agellate rather than an opportunistic pathogen. We conclude with a discussion of policy options in a period of unresolved uncertainties.
Although species of dino8agellates have been recognized to be harmful to humans for some time (Schantz, 1971) , it is clear that the dramatic reports of P=esteria toxicity in humans have raised public awareness and induced government response to the issue of harmful algal blooms generally. Several agencies of the U.S. government;the Environmental Protection Agency, the National Oceanographic and Atmospheric Administration, the Centers for Disease Control, the Department of Interior, the Department of Agriculture, the Food and Drug Administration, and the National Institutes of Health;have announced a coordinated strategy to support research and monitoring for national harmful algal blooms. The concept of this multiagency response is appropriate, given the cross-cutting issues associated with harmful algal blooms, which range from understanding estuarine ecology to evaluating impacts on food safety. If successful, this strategy will avoid the potential for compartmentalizing both our understanding of and our response to these events. The NIH-funded research project underway at the University of Maryland and the Johns Hopkins University exempli7es the involvement of scientists from molecular biology, neurobiology, ecology, microbiology, epidemiology, neuropsychology, and clinical medicine. National coordination of surveillance and research may also mitigate the inconsistencies that have characterized state-level responses to the P=esteria crisis over the past decade.
PAesteria in the Chesapeake Bay and Atlantic Coast
Whether P. piscicida is a new or newly recognized danger is still unknown. Fish kills have occurred in U.S. coastal waters for as long as records are available. P=esteria is estimated to be responsible for many more 7sh kills than those in which it has been identi7ed, in part because of the dif7culties in positive identi7cation (Steidinger et al., 1995) . From 1994 to 1997, it is estimated that P=esteria was probably involved in as many as 50% of the major 7sh kills in large estuaries of the Albermarle-Pamlico system in North Carolina (WHOI, 1998) . As shown in the timetable in Table 1 , beginning in 1974, massive 7sh kills in North Carolina estuaries were reported, usually in the hot summers, involving millions of 7sh.
The dead 7sh had a characteristic lesion, often found in small menhaden ( Fig. 2) (Kane et al., 1998) .
The P=esteria story took a dramatic turn with the reports, 7rst by Burkholder, that during these episodes, a toxin could be produced that was highly dangerous to humans. As described in three lab personnel at North Carolina State University, the symptoms associated with exposure to this toxin included a broad spectrum of affected systems: neurological, immunological, and musculoskeletal . Although these represent a limited set of case reports, the description of neurotoxic effects is consistent with our later 7ndings. One person developed severe symptoms as a consequence of chronic exposure. Personality changes, abnormal olfaction, and abnormal re8exes were also found. Possible axonopathy was also reported. Another case who experienced acute exposures, reported confusion, irritability, personality changes, and disorientation. Problems in neuropsychometric performance were found, as well as ataxia. The third case, who was also acutely exposed, experienced confusion and memory disturbance. These reports were not widely accepted, owing to the highly political nature of harmful algal blooms in North Carolina (see below).
In 1996, characteristic 7sh kills were reported in the estuaries of the Eastern Shore of Maryland, as well as among 7sh in laboratories and in 7sh farms (Burkholder et al., 1992; Steidinger et al., 1995) 1992 External lesions observed on menhaden sampled from the Chicamacomico River in 1997 suspected to be associated with toxic dino8agellates. Note the chronic ulcerative lesions with necrotic centers which penetrate the epidermis, dermis, and musculature, at the anus, mid-abdomen, trunk, and dorsal 7n area, respectively, taken from Kane et al., 1998. (B) Lesions in dead 7sh collected from the Pocomoke River in 1997, with a characteristic punched-out presentation.
(see map, Fig. 3 ). Anecdotal reports from watermen suggested that human health effects were also occurring, but no systematic clinical examinations or collection of data was undertaken. In 1997, the 7sh kills recurred in estuaries of the Chesapeake Bay, starting in the spring. Reports of health dif7cul-ties;fatigue, headache, respiratory problems, diarrhea, weight loss, skin irritation, and memory dif7culties;were made by watermen to the country health department, which were referred to the Maryland State Department of Health and Mental Hygiene (DHMH). In August 1997, DHMH asked the state's two medical institutions to undertake a formal assessment. A report on this investigations has been published ; its 7ndings are summarized below.
Toxicology of PAesteria to Fish and Humans
Fish. Our knowledge of 7sh toxicity is more complete than our knowledge of human toxicity, but there are still many gaps. It is reported that over 20 species of 7sh are susceptible to P=esteria (WHOI, 1998) . The origin of the characteristic lesion is not yet fully understood, and some still question its association with P. piscicida. One hypothesis suggests that P=esteria (or related organisms) secrete a toxin that is in some way able to damage the dermal mucus or skin of 7sh, allowing the penetration and unchecked growth of bacterial, fungal, and mycobacterial species present in water, which are the proximate cause of the lesion (Nogan and Dykstra, 1986) . The failure to 7nd P=esteria in the lesioned tissue is cited in support of this hypothesis (Kane et al., 1998) . Others indicate that the appearance of the lesion can be very rapid and represents a direct effect of P=esteria toxins. Others (Baden, personal communication) have suggested that the lesion originates internally, resulting from ingestion of P=esteria and its toxin by 7sh and a toxic effect on the internal organs. Less well characterized are the other effects of P=esteria on 7sh. Anecdotally, North Carolina and Maryland watermen and scientists report that prior to the appearance of 7sh with lesions, 7sh are disoriented, lose the ability to swim upright or in a forward direction, and exhibit respiratory problems. In aquaria, 7sh exhibit disorientation and impaired swimming behavior after contact with water from aquaria containing P=esteria (Burkholder et al., 1992; Noga et al., 1993) .
Laboratory studies have provided further insight on the events involved in P=esteria toxicity. In response to the presence of 7sh, possibly triggered by some substances secreted or excreted by 7sh, P=es-teria are stimulated to transform from nontoxic stages to toxic zoospores . In this stage, the organism releases toxin(s) that narcotize 7sh, slough 7sh epidermis, and may also cause formation of open bleeding sores. The dino8agellate then consumes the epidermal tissue and blood cells from affected 7sh. During this, they produce gametes that complete the reproductive cycle in or near dying (necrotizing) 7sh. In the absence of 7sh, the toxic form reverts to nontoxic stage, including a cyst form that can survive for long periods of time in sediments at lowered temperatures.
Humans. When systematic health investigations began in Maryland in August 1997, there was relatively little information upon which to design a 7eld study of potential P=esteria intoxication among Maryland watermen. Both the description of lab intoxication in North Carolina and the reports from watermen in 1996 and 1997 suggested a wide range of symptoms, many of which were dif7cult to assess objectively. Lack of information on the toxin(s) involved was also a major problem. The study was conducted amid extraordinary public concern and controversy;the newspaper headlines cited ''P=es-teria hysteria,'' and intensifying political controversies over appropriate responses did not make this investigation any easier.
There were major methodological challenges to identifying exposures and outcomes. Without identi7cation of the toxin(s) involved, or information on relevant routes of exposure, human exposure could only be inferred. The presence of 7sh with the characteristic lesion were used as the indicator of P=es-teria toxin(s) in water; contact with affected waters was used as the ''dosimeter'' for relative exposures. (Scanning electron microscopy was later used to determine the presence of P=esteria by microbial ecologists in Maryland and elsewhere). The study group was thus de7ned as persons having direct contact with the Pocomoke River or other affected estuaries during periods of 7sh kills. ''Direct contact'' was de7ned as activities involving water contact, even though observations during the course of the study indicated that intoxication could also be associated with inhalation of aerosols. No data as yet support the possibility of intoxication via consumption of 7sh or shell7sh. Because of the nonspeci7c nature of reported symptoms, a range of outcome measures was applied to assess many different systems. A symptom questionnaire was used, along with as many objective measures as possible: skin biopsies in persons with lesions or rashes; and pulmonary function testing, immunologic workup, complete blood count, clinical assessment, and neuropsychological assessment, including brain imaging. The psychometric tests were speci7cally designed to evaluate attention, concentration, learning, and memory because of complaints by watermen of forgetfulness, confusion, and dif7culties in short-term memory.
Results of the 1997 Investigation of PAesteria Intoxication in Maryland
The results of the Maryland-Hopkins investigation provide the 7rst information con7rming an objective set of symptoms and de7cits among watermen having contact with waters where P=esteria-related 7sh kills occurred. Both symptoms and objective signs were more frequent and more severe in highly ''exposed'' watermen. Among the reported symptoms, headaches, skin lesions, and skin ''burning'' upon contact with water were more frequently reported in highly and moderately exposed watermen, as compared to low exposure and control groups (Table 2 ). None of the clinical evaluations or tests of respiratory, immunologic, or other functional tests showed any relationship to apparent P=esteria exposure. The ''exposed'' watermen showed consistent and apparently dose-related de7cits in neuropsychological performance, particularly related to divided attention, new learning, and memory , consistent with the symptom reports of forgetfulness, disorientation, and acute confusion. Results are shown in Figs. 4A and 4B.
These 7ndings are consistent with the symptom reports of forgetfulness, disorientation, and acute confusion. Some of the reported episodes were dramatic and frightening. Disorientation and confusion were also observed acutely in several state lab personnel sent to investigate a 7sh kill; they had no direct contact with the water. The consistency and apparent dose-relatedness of these 7ndings and the failure to detect evidence of malingering psychogenic illness or other functional and behavioral disturbances convinced us that P=esteria-related intoxication is likely to occur in humans Tracey et al., 1998) . In this 7rst group, the degree of impairment on neuropsychological performance has ameliorated, to a large extent, although those found most severely affected in August 1997 are still performing below norms. Experience in 1998 and in 1999 was substantially different from 1997. For reasons not yet fully understood, but possibly related to differences in weather patterns, no major 7sh kills occurred in the Chesapeake estuaries of the Eastern shore. Data have been collected on a cohort of watermen and matched controls; preliminary results suggest that there may be a low level syndrome associated with the presence of P=esteria in waters. These data will be useful in determining if there are ''subclinical'' effects of P=esteria exposure, as well as assessing the persistence of effects described earlier.
FIG. 4. Neuropsychological assessment of Maryland watermen exposed to

Unanswered Questions
Is it P=esteria?
In many ways ''P=esteria'' is a stand in for what is still unknown. There may be more than one species of dino8agellate involved in the 7sh kills and human intoxication; some or all of the toxic effects may be due to toxins produced by associated bacteria: the Maryland events may be due to a speci7c organism or organisms present in Maryland waters, as distinct from Virginia or North Carolina.
Until axenic cultures of P. piscicida and other species are established and molecular methods of identi7cation developed, it will be dif7cult to answer these questions.
Why is it toxic?
Several marine microorganisms, or associated pathogens, can under certain circumstances synthesize and secrete potent neurotoxins. Other neurotoxins of similar origin include ciguatoxin, tetrodotoxin, domoic acid, anatoxin, and saxitoxin (Watters, 1997; Morris, 1995; Perl et al., 1990; Mahmood and Carmichael, 1986; Carmichael et al., 1975) . As shown in Table 3 , these natural products are very toxic to birds, humans, and other mammals.
These toxins are characterized by highly speci7c mechanisms of action within neural systems, and for this reason, they have been useful tools in neurobiology research (e.g., Mahmood and Carmichael, 1986; Matthews et al., 1979) . Although our knowledge of the toxin(s) involved in P=esteria-related illness is limited at present, there are some intriguing differences between these well-studied marine neurotoxins and the phenomena we have observed in well-studied P=esteria episodes, including the lab exposures in North Carolina and experience in Maryland in 1997}1998. First, there is no evidence to date that human intoxication can occur as a consequence of consuming 7sh or shell7sh. Intoxication is induced apparently by exposure to waters in which characteristic 7sh kills are occurring and possibly also by inhalation of aerosols from such waters. In contrast, human intoxication by most of the toxins listed in Table 3 is associated with consumption of 7sh and shell7sh that accumulate the neurotoxins (Morris, 1995; Watters, 1997) . Second, the description of P=esteria neurotoxicity in humans is not consistent with actual cytotoxicity in the nervous system. The apparent reversibility of most symptoms in the Maryland group studied in 1997, as well as the lack of overt neuropathology upon MRI and PET examination, distinguishes this intoxication from domoic acid.
It also appears that the production of toxin(s) by P=esteria is episodic. Although its life cycle is not fully understood, this complex organism exists in as many as 24 different states, some of which are quiescent (encysted) and some of which are active. Laboratory observations also indicate that P=esteria only intermittently secretes toxin, and that apparent toxin production can be elicited by the presence of 7sh or 7sh excreta or blood . The presence of 7sh also induces rapid Watters (1997) and Shimizu (1996) in part.
reproduction in the organism (Brown, 1997) . It is not known if these conditions are actually associated with toxin production, since without chemical identi7cation of the toxin(s) produced by P=esteria, this cannot be directly measured. The nature of signaling between 7sh or excreta and other organic material is not known. It is also not known whether other environmental cues elicit toxin production, or how this is accomplished. It is possible that some environmental conditions cause production of ''supertoxins,'' increasing the impacts of the organisms involved. This possibility is not entirely speculative. There is a range of saxitoxin-gonyautoxin biomolecules that vary in toxicity (Shimizu, 1996) .
Why does it ''bloom''?
Critical to the development of appropriate preventive policies, with implications for agriculture and waste management, is an understanding of the factors that govern the periodically explosive blooms of P=esteria sp. P=esteria is found in estuarine ecosystems in the mid-to south Atlantic coast (Kane et al., 1998) . In general, water salinity, pH, nutrients, and temperature are important factors controlling dino8agellate cycles (Schantz, 1971; Anderson, 1993) . Studies in North Carolina indicate that P=esteria is more abundant in waters near sources of organic phosphates, such as sewage treatment plant outfalls . Nutrient loading is undoubtedly critical. However, the relative importance of runoff from land-based sources, aquatic deposition of nitrogen, and water discharge of organic wastes is unknown. Commission, Final Report, November 1997) Over the past 3 years (1996}1998) in Maryland, an experiment of nature has occurred resulting in signi7cant differences each year in P=esteria density (and toxicity to 7sh); intensive research is now underway to understand how variability in critical environmental factors might explain the rise and fall of P=esteria in Maryland estuaries.
How does P=esteria affect =sh and humans?
The nature of P=esteria toxicity is largely unknown. Even the careful study undertaken last year in Maryland raises more questions that it answers. Can P=esteria cause dermal lesions in humans? Can P=esteria cause neurotoxicity in 7sh? Or are 7sh and humans differently affected? Does P=esteria secrete more than one toxin? What are the critical routes of exposure? Is dermal contact alone suf7cient, or do both 7sh and humans have to ingest toxin? Can intoxication occur from inhalation? Is it true that humans cannot be intoxicated via consumption of seafood from affected waters? These questions await identi7cation of the toxins produced by P=es-teria so that careful studies can be conducted in appropriate animal models. Preliminary data suggested that P=esteria can produce a toxin that affects rodent behavior (Levin et al., 1997) . Marine dino8agellates and cyanobacteria can produce an extraordinary range of complex neurotoxic molecules, including relatively simple amino acids (domoic acid), long-chain macrolides (maia totoxin produced by the organism involved in ciguatera), linear polycyclic ethers (brevetoxins), and peptides (kahalalide F) (Shimizu, 1996) . When we identify the biomolecules produced by P=esteria, we can examine their effects under lab conditions, to determine issues such as route to exposure, dose, and nature of toxicity to skin and nervous system.
Policy-Making under Uncertainty
The P=esteria issue presents policymakers and stakeholders, including the public and industry, with a situation characterized by both urgency and uncertainty. The potential for human toxicity necessitates a rapid response capacity, but lack of information makes immediate response measures dif7cult to devise: Can river closings be based upon surveillance of 7sh for lesions? If so, what signals can be used to base reopening of these waters? How can detection of the organism be utilized, if the organism is not always toxic? What are the ''early warning signals'' of human exposure? More longterm policy questions are also dif7cult to resolve with the current state of knowledge: Should nutrient loadings of certain estuaries be reduced? Which nutrients, and nutrient sources, should be targeted for control? What is the relative importance of point and nonpoint sources? How should large agricultural production facilities be managed? What are the implications for land farming of nutrient containing wastes and sludges in ecosystems like the Chesapeake Bay?
The Maryland Citizens Commission reached 45 speci7c recommendations, the most signi7cant of which were acted upon by the legislature in 1997: identi7cation of vulnerable watersheds and implementation of improved nutrient management (including advanced waste water treatment) at these sites; adoption of a phosphorus and nitrogen management system involving farmers and the poultry industry; alternative uses for chicken manure to protect watersheds on the Eastern Shore; support of research on biology and ecology of P=esteria, human health impacts, and methods to reduce nutrient loadings of critical ecosystems.
Some of these issues are of special local interest, but the P=esteria episodes point to the critical importance of developing a national policy on harmful algal blooms. In 1996}1998, three of the major states impacted by P=esteria;North Carolina, Virginia, and Maryland;responded very differently to the events of these summers. These differences arose in part because of the relative economic importance of agriculture and 7shing. In North Carolina, for instance, hog farming has grown exponentially in the coastal regions over the past decade; some facilities house millions of animals generating tons of organic waste each day (EDF). In Maryland and Virginia, poultry production has also become a major industry. However, for these two states, the viability of the Chesapeake Bay for 7shing and recreation is at least as important economically and politically. Maryland's stronger commitment to environmental protection and the response of its poultry industry leader, the Perdue Corporation, were probably determinants of its activist response 7rst by the governer and then by the legislature.
The combination of uncertainty and urgency is not unusual for environmental issues. In analyses of global climate change, some observers have suggested that prudent policymaking should emulate the concept of insurance in assessing the appropriateness of making present investments to avoid future risk. Moreover, as Davis et al. (1998) noted in discussing the same issue, there are often more well-de7ned bene7ts from policy change that can justify taking actions with less certain impact on reducing future risk. The same analytic approach is useful to consider in the P=esteria issue. Protecting the Chesapeake estuaries and coastal rivers of the United States from nutrient loading has real short-term bene7ts for the health of these rivers and the Bay. Improved management of agricultural wastes and prevention of runoff from farms on the Eastern Shore will also be bene7cial. Thus, it is likely that the near-term bene7ts apart from avoiding P=esteria blooms may well offset the costs of these changes in management practice by farmers, poultry producers, and the state. The necessity of further change will require improvements in our knowledge of the complex interactions among humans, land management, and ecosystem response.
